Fiber reinforced composite materials have the merits of light weight and durability for bridge deck and are estimated to be superior in economy to conventional deck materials considering the life-cycle cost of bridge. In this study, fatigue tests were conducted for the span lengths of 2.0 m and 2.5 m in order to investigate the change trend of fatigue characteristics of composite material deck according to the change in the span length. The result showed that the fatigue life rapidly reduces to about 25% when the span increases by 25%. However, considering that the fatigue performance safety margin was approximately 1.6 times more than the design axle load of the DB-24 design truck load in Korea, even at the span of 2.5 m, it is judged that the FRP decks being considered can be effectively used at a span length of 2.5 m.
Introduction
Fiber reinforced composite materials have the merits of light weight, higher values of strength-weight and stiffness-weight ratios, and durability for bridge deck and are estimated to be superior in economy to conventional deck materials when considering the life-cycle cost of a bridge. Accordingly, studies on FRP decks with diverse shapes are actively conducted together with the studies on the performance verification by test procedure. However, studies on the fatigue performance and the change trend of the fatigue characteristics according to the change of span length, which is required for the studies on the longer-span FRP decks, have not been conducted.
Some of the cases related to the fatigue performance verification conducted for the FRP deck itself are described briefly below. Moon II [1] has conducted 3 types (connection details fatigue test, flexure fatigue test, and through-thethickness fatigue test) of fatigue tests with the deck modules constructed by the Ohio Department of Transportation, USA, and conducted verification and improvement for the design assumptions on the basis of the test results. Keller et al. [2] have suggested joint systems using resin by the method of connecting the FRP deck developed by the advanced structural systems for tomorrow's infrastructure (ASSET) in Europe and by martin marietta composites (MMC) in the United States. The test results showed that no joint failures occurred when 10 million cycles were loaded on the two FRP decks. In addition, the available verification results include the fatigue performance tests conducted with the FRP deck materials such as Superdeck [3] and Duraspan [4] developed by American FRP materials related companies. Therefore, in this study, fatigue tests were carried out with the FRP decks developed by the Korea Institute of Construction Technology (KICT) for the span lengths of 2.0 m and 2.5 m, in order to investigate the correlation between the span length and fatigue performance.
Test Method

Shape of the Test Specimens.
The test specimen was the FRP deck developed by the KICT [5] through an optimization process. Figure 1 shows the section of the FRP deck module, and Figure 2 shows the module's pattern design result. Table 1  lists the physical properties of the FRP deck material by  tests, and Table 2 lists the test specimens classified by the methods and fatigue test results. The values in the parenthesis in Table 2 are the ratio of the respective load range to the axle load of 96 kN of the DB-24 design truck load in Korea. And in this study, criteria of cycle load are determined as 2 million cycles by Korea Design Specification [6] .
Fatigue Test Method.
The basic fatigue test configuration for the span length of 2.5 m is shown in Figure 3 . The fixing end which joins the girder was attached with bolts at 32 cm intervals. The steel girders have higher stiffness to prevent failure. The loading plate was set up to 23 cm × 58 cm (crossways × vertical to crossways) simulating the axle load of vehicle. Static loading tests were conducted with the loading cycles of 1, 1000, 10,000, 50,000, 100,000, 500,000, 1,000,000, 1,500,000, and 2,000,000, and the displacement and strain were measured at the position shown in the figure. The same tests were carried out by the same methods with the span length of 2.0 m. Figure 4 shows the fatigue test setup. Fracture static tests were conducted on the FRP deck specimens at each span length (2.0 m, 2.5 m) to acquire the basic data and set up the range for the fatigue loads. The basic configuration of the fracture test is the same as in Figure 3 . The results of the fracture test and the structural analysis using the ABAQUS, a commercial finite element analysis program, can be shown in Table 3 . In ABAQUS analysis, the bolt connection of FRP deck and steel girder was simply simulated using the coupling constraints for the FRP Deck bottom flange node and steel girder top flange node on the bolt connection positions as proposed by Park et al. [7] , and linear elastic ranges are considered as analysis boundary. And also the S4R element, which is known to be as good to FRP bridge deck modeling for analysis is considered in this analysis. Failure load of analysis results is lower than that of test results, and this means that analytical results can be applied safely to the FRP deck application to bridge structure. Figures 5 and 6 show the displacement by finite element analysis and failure index distributions obtained by the TsaiHill failure analysis for the specimens span length of 2.0 m. Figure 7 shows the stress distributions on the upper and lower surfaces of deck where the stresses were larger in the fatigue tests conducted in the applied load ranges.
Test Result Analysis
For 2.0 m Span Length.
For 125 kN which is the DB24 design axle load 96 kN multiplied by the impact factor 1.3 and 240 kN, stable behavior was observed up to the 2 million cycles which is the criteria of fatigue design [6] . In the load range of 270 kN or more, displacement increased according to the number of cycle loading, and brittle fracture behavior of the test specimen was observed at the fatigue yield point [6] . Figure 8 shows the residual stresses after the load was removed, according to the load ranges. It can be seen that, for the load ranges which do not satisfy 2 million cycles, the residual stresses were larger than those under different load conditions, and the increased residual stress indicates the probability of fatigue failure increase. And also, the trend of residual stress boundary may be larger as the load value is higher. And maximum and minimum residual stress are, respectively, in case of upper and lower flange−270 kN. Figure 9 shows the distributions of displacement and strain for the span length of 2.5 m by loading cycle, applied load range, and measurement position. The static load for each load cycle was set to 165 kN which is the maximum load for the load range obtained by considering the impact factor of 1.3 and the safety factor of 1.3 to the 96 kN which is the design axle load of DB24. The strain here refers to the value on the lower flange.
For 2.5 m Span Length.
In the load range of 187 kN, multipling 96 kN by impact factor 1.3 and safety factor 1.5, the fatigue design criteria of 2 million cycles or more were satisfied. Therefore, it was determined that the optimal load range meeting the 2 million cycles is between 187 kN and 265 kN.
The relatively increasing trend of the stress, consisting of the multiple of the measured strain above and the modulus of elasticity, and the displacement by loading cycle number, that is, the residual stress and residual displacement by loading cycle number, are shown in Figure 10 . 1 cycle 100 cycles 1,000 cycles 10,000 cycles 100,000 cycles 500,000 cycles 1,000,000 cycles 1,500,000 cycles 2,000,000 cycles 1 cycle 100 cycles 1,000 cycles 10,000 cycles 100,000 cycles 500,000 cycles 1,000,000 cycles 1,500,000 cycles 2,000,000 cycles 
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Comparative Analysis of the Test Results
For the span lengths of 2.0 m and 2.5 m, the relation between the number of loading cycles and the maximum load was compared and presented in Figure 11 . The data for the load ranges exceeding 2 million cycles per span length in the above tests was neglected in the graph. Calculating the number of loading cycles which correspond to the design criteria of 2-million-cycle load [6] using the trend line formulas shown in Figure 11 , with the 125 kN which is the multiple of the DB24 design axle load and the impact factor of 1.3 as the criteria, it was estimated that the failures occur at about 25 million cycles in 2.0 m span length and at 6.4 million cycles in 2.5 m span length, from the test results. This means that the fatigue life was reduced to about 25% when the span length was increased by 25%, and the loads that satisfy the 2-million-cycle fatigue design criteria were estimated to be about 250 kN in 2.0 m span and about 205 kN in 2.5 m span. Figure 12 shows the correlation between the axle loads that meet the 2-million-cycle criteria, which are the fatigue design criteria and the span length, under the presumption that the relation is linear, log, or exponential functions. As shown in the figure, it can be estimated that the fatigue performance of FRP deck can be satisfied for the span length of 3.0 m.
The main failure modes by fatigue test were local deformation on the connection part of loaded surface of upper flange, fatigue crack in the upper flange, fiber fractures in the upper flange, and web buckling failure.
Conclusion
In this study, fatigue tests were conducted to investigate the fatigue characteristics trend of the FRP deck developed by KICT according the change of span length. The results are summarized below. 1,400 0 cycle 1,000 cycles 10,000 cycles 50,000 cycles 100,000 cycles 500,000 cycles 1,000,000 cycles 1,500,000 cycles 2,000,000 cycles 0 cycles 1,000 cycles 10,000 cycles 50,000 cycles 100,000 cycles 500,000 cycles 1,000,000 cycles 1,500,000 cycles 2,000,000 cycles 1,400 0 cycles 1,000 cycles 10,000 cycles 50,000 cycles 100,000 cycles 500,000 cycles 1,000,000 cycles 1,500,000 cycles 2,000,000 cycles 0 cycles 1,000 cycles 10,000 cycles 50,000 cycles 100,000 cycles 500,000 cycles 1,000,000 cycles 1,500,000 cycles 2,000,000 cycles (1) In the fatigue test for the FRP deck in 2.0 m span length, stable behaviors were observed up to 240 kN under the load cycle of 2 millions and the fatigue design criteria. In the load range of 350 kN or higher, displacement increased according to increase the number of loading cycles, and brittle fracture behavior was observed at the fatigue yield point.
(2) In the fatigue test of FRP deck in 2.5 m span length, the 2 million load cycle was satisfied in the load range of 187 kN which is the axle load 96 kN the standard design truck axle load for DB24 multiplied by the impact factor 1.3 and safety factor 1.5. The optimal load range satisfying the 2-millionload-cycle criteria was within 187 kN and 265 kN range.
(3) The maximum loads meeting the 2-million-load-cycle criteria were estimated to be about 250 kN in 2.0 m span and about 205 kN in 2.5 m span. These are 2.0 times and 1.6 times of the 125 kN which is the multiple of the axle load criteria of design truck load DB-24 and impact factor 1.3, respectively, showing that span length of 2.5 m satisfies the fatigue performance required for bridge deck.
(4) In this study, considering the dimensions of the specimen and time, tests were conducted on 8 decks to investigate the correlation between the maximum load and number of loading cycles. On the basis of the results of the fatigue tests conducted in the span lengths of 2.0 m and 2.5 m, it was estimated that the span length of 3.0 m can meet the fatigue design criteria as well. However, as this result was obtained from the analytical approach on the basis of partial tests, drawing up reasonable -diagram by conducting fatigue tests for diverse span lengths will be required for the maximization of the use of FRP decks.
